Tat Protein from Human Immunodeficiency Virus Forms a Metal-Linked Dirner
Tat, the transactivating protein from HIV, forms a metal-linked dimer with metal ions bridging cysteine-rich regions from each monomer. This novel arrangement is distinct from the "zinc finger" domain observed in other eukaryotic regulatory proteins. Ultraviolet absorption spectra show that Tat binds two zn2+ or two Cd2+ ions per monomer, and electrophoresis of the Tat-metal complexes demonstrates that the protein forms metal-linked dimers. Partial proteolysis and circular dichroism spectra suggest that metal binding has its primary effects in the cysteine-rich region and relatively little effect o n the folding of other regions. These results suggest new directions for biological studies and new approaches to drug design.
T HE HUMAN IMMUNODEFICIENCY
virus (HIV) encodes several regulatory proteins that are not found in simpler retroviruses. The Tat protein, which is one of these regulatory proteins, transactivates genes that are expressed from the HIV long terminal repeat (LTR) (1) and Tat is essential for viral replication in vitro (2, 3) . The mechanism of transactivation is unclear. Tat seems to cause accumulation of messenger RNA (mRNA) by acting as a transcriptional anti-terminator (4), by increasing the rate of transcription from the LTR promoter (5), or by stabilizing viral mRNAs (6) (7) (8) (9) . Tat may also increase translational efficiency (6) (7) (8) (9) (10) (11) . Deletion analysis has shown that a region of 50 to 100 base pairs near the 3' end of the LTR is required for transactivation by Tat (12) . RNA from this site (which is called the TAR site) forms two stable stem-loop structures, and it has been suggested that these double-stranded regions may be binding sites for Tat (9, 13, 14) .
The Tat protein contains 86 amino acids (15, 16) . Its sequence includes a highly basic region (two lysines and six arginines within nine residues) that might participate in nucleic acid binding. Tat also contains a cysteine-rich region (seven cysteines within 16 residues), and sequence comparisons from several HIV isolates show that the qsteines are perfectly conserved. Genetic studies have shown that fragments of Tat are biologically active (8, 9, 16, 17) , but each of the active fragments (1 to 72 as a protein and 1to 56 or 1 to 58 as fusion proteins) retains both the cysteine-rich region and the basic region. The cysteine-rich region is strikingly similar to the metallothioneins (18, 19) and also matches a test filter that was devised to locate potential metal-binding sites (20) . Although this filter has often been used to identify possible "zinc finger" domains, the high density of cysteines in Tat suggested that this protein might have a novel structure. We show that Tat forms a metal-linked dimer and that its structure is distinct from the zinc finger motif found in other eukaryotic regulatory proteins.
Tat has been overexpressed in Escherichid coli (21) , and protoplast fusion experiments
show that the protein produced in E. coli allows a virus deficient in the Tat protein to replicate (2). On SDS gels, this protein migrates as a 15-kD band and thus is indistinguishable from Tat expressed in mouse cells or HIV-infected cells (7, 21 T o study the metal binding of Tat, we needed to ensure that the was reduced. After HPLC purification and lyophilization, Tat was resuspended in water and reaction with 5,5'-dithiobis(2-nitrobenzoic acid) (23) indicated the presence of 7mol of free thiol per mole of Tat. Careful handling was required to prevent reoxidation. Under nonanaerobic or nonreducing conditions, Tat oxidized to form disulfide-linked multimers that could be seen by gel electrophoresis (see below). T o prevent oxidation, we carried out all manipulations in an anaerobic chamber, and all solutions were degassed with helium and equilibrated in the ch-amber before use.
Optical absorption spectra gave the first evidence that Tat binds metals. The spectra obtained with reduced Tat and 0 to 2.0 molar equivalents of CdC12 (Fig. 1A) show that the absorbance increases as Cd2+ is added. There is a maximum at 248 nm in the difference spectra, indicating charge transfer transitions between the metals and sulfur ligands. Addition of more than two equivalents of CdC12 did not further change the spectrum, suggesting that two cd2' ions bind to the protein. Titrating the ~a t -C d~+ complex with acid showed that the metals must be tightly bound because the complex remained stable until the pH fell below 4.0 (Fig. 1B) . No metal binding to oxidized Tat was observed. Ultraviolet absorption spectra were also used to monitor the binding of Zn2+ (Fig. 1C) . Difference spectra, measured with 0.5 to 2.0 equivalents of ZnC12, show an absorption maximum at 218 nm. No further changes in the spectrum were seen when more than 2 mol of ZnClz were added, demonstrating that Tat binds two zinc ions per mole of protein. Our Cd2+ and Zd+ spectra are quite similar to those found for metallothionein-metal complexes, although metallothionein (which has 20 cysteims) binds 7 equivalents of metals (19, (24) (25) (26) (27) (28) (29) . Competition experiments show that Tat binds CdZ+ much more tightly than Zd'. Adding 2 equivalents of CdC12 to the Tat-Zn2+ complex immediately displaces the @+, and the CdZ+ spectrum is observed. Conversely, a 5000-fold excess of ZnC12 only partially displaces CdZ+ tiom the complex. Absorption spectra of Tat with Cd:12 were also measured, since cobalt complexes have distinctive spectra which can give information about the conformation of the metal sites. Charge transfer bands near 300 nm were observed, but only very slight changes in absorption were seen between 600 and 700 nm [changes here are charac&tic of tetrahedral complexes and are dearly seen in metallothionein-Co2+ a mplexes (19, 26, 27, 30, 31) and with a single zinc finger domain tiom TFmA (32)l. The spectroscopic changes seen with Tat did not saturate at two equivalents of CoCl2 and this may reflect a low &ty fbr Cd+. These optical absorption measurements suggest an order of metal ailhities of Cd > Zn > Co, which is consistent with studies of metallothionein and other metal-biding proteins (33Y34).
Gel electrophoresis with radioactive metals revealed that Tat fbrmed metal-linked dimers and that the CdZ+ dimm were stable even in the presence of SDS. Electrophoresis of the Tat-Cd2+ complex on an SDS gel shows that the predominant species is a dimcr, and complexes tbrmed with 115"' CdC12 show that most ofthe radioaaivity is present in the dimer band ( Fig. 2A) . Analysis on native gels (discussed below) su%gests that the other bands d t tiom oxidation (by ammonium pemlfate) during decnophoresis. The Tat-Zn2+ complex was not stable on an SDS gel; significantly more oxidation was observed, and no was seen in the protein bands. To minimize oxidation, the complexes were subjected to electrophoresis on native gcls from which the ammonium persulfate had been removed. [Under these conditions, -Tat gives a ladder of oxidized oligomen (Fig.  3B , lane 1) and these were used to calibrate the relative mobility of a monomer and h e r on the native gels.] A complex with 115"' CdC12 gave a single dimer band whereas a complex with =znC12 gave a mixture of monomers and dimers. To test whether Tat dimers of the tat-^$+ complexes were h e r s formed with Zn?+ might be dissoci-observed, and the at-Cd?' dimem were ating during electrophoresis, native gels also stable in the presence of ZnC12. were run in the presence of 0.1 mM ZnC12
Two experiments confirmed that the di- (Fig. 2B ). Under these conditions, only mer seen on native gels was metal-linked and 2) werc prepared in a nitrogen-purged anaerobic chamber, and metals were added d i d y to the cuvem. All specaa were recorded and analyzed on a Hewlett-Packard 8451A diode array specwphotometer, andthe sample compamncnt w& purged with nitrogen for all measuremen&. E'er the pH titration 2.0 couivalents of CdCI, were added to reduced Tat at PH 7.24 . and the absorption difference calculaaeh at 248 nm was used & the maximum value. ~~dr6chloric kid was added to acid@ the wmplex, and spestra werc measured down to pH 2.71. 5) and Tat-Cd2+ complexes (lanes 7 to 10) were digesnd fbr various times with chymoaypsin, the reaction was stopped with PMSF, and the samples were analyzed on a 20% polyacrylamide native gel. Lana 1 and 6 wntain apo-Tat and Tat-Cdz+ wmplexes be& proteolysis. Reaction wnditiom and digestion times are the same as in (A), but the chym0aypsin:Tat ratio was 1: 300 (&) in these experiments. The cleavage sites of two fragments (arrows) have been determined. Fig. 3B ). Amino acid sequencing indicated that these fragments begin with residue 38 and residue 48, and amino acid analysis indicated that they both extend to the COOH-terminus of the protein. Thus, the fragment that appears in the presence or absence of metal (lower arrow, Fig. 3B ) contains residues 48 to 86 and includes the highly basic region of Tat. We suspect that cleavage at this site, which is between the cysteine-rich and basic regions, is structurally significant. Four proteases (chymotrypsin, subtilisin, proteinase K, and elastase) all produce fragments with similar mobilities on SDS and native gels. In the absence of metal, chymotrypsin also cleaves at phe3$ (upper arrow, Fig. 3B ), but this site, which is immediately adjacent to the cysteine-rich region, is not accessible in the Tat-Cd2+ complex. These proteolytic results suggest that Tat contains at least two domains; the cysteine-rich region shows metal-dependent folding, while the COOH-terminal region seems to be relatively resistant to proteolysis and may be folded in the absence of metal.
Circular dichroism (CD) spectra of apoTat and Tat-metal complexes are essentially indistinguishable, suggesting that metal binding does not have a dramatic effect on protein folding (Fig. 4) . No change in the CD spectrum was observed when either CdC12 or ZnC12 was added, even though absorption spectra confirmed that the Tatproteins and alter their activity.
not some metal-induced oxidation product. First, the number of free thiols was measured before and after the addition of CdC12. In both cases, there were 7 mol of thiol per mole of Tat monomer, demonstrating that no oxidation occurred as a result of metal binding. Second, in experiments monitored by native gel electrophoresis, we found that adding EDTA dissociates the Tat-Cd2-' dimer. Native gels were also run with other metals, including HgC12, CoC12, CuC12, CuCI, FeC13, and FeS04. Dimers were seen with H~~+ , c u l + Cu2+, and whereas the Fe2+, Fe3+, and co2+ samples were indistinguishable from samples containing no metal. (We note that Cu2+ is a strong oxidant and some of the dimer formation with CuC12 may result from oxidation.) These results probably reflect the relative affinities of the metals for Tat. Obviously, complexes with different metals could have important structural and hnctional differences.
Proteolytic digestion was used to monitor folding of Tat. Chymotryptic digests of apoTat and of ~a t -C d~+ complexes were analyzed by ~D S -p o l~a c r y l~i d e gel electrophoresis (Fig. 3A) . At first, proteolysis yields one predominant product band, regardless of whether or not Cd2+is present (lanes 2 and 7) . Digestions with subtilisin, elastase, and proteinase K (in the presence or absence of metals) also showed a similar band at early times. This part of the protein, which consists of residues 48 to 86 (see below), might be structured in the absence of metals. However, some differences in the digestion patterns of apo-Tat and ~a t -C d~+ metal complexes were properly formed. The complexes can be seen: in the presence of CdC12, a set of smeared bands migrate at or somewhat below the dimer position. In addition, a band of low molecular weight appears (lane 8), which is not present in the apo-Tat sample (lane 3). Subtilisin, elastase, and proteinase K also showed smeared bands in the presence of CdC12 and we presume that the smeared bands are proteolytic fragments which oxidize on SDS gels.
The chymotryptic digests were also analyzed by native gel electrophoresis (Fig. 313) . At the first time point, two predominant product bands are seen in the apo-Tat sample (arrows, lane 2), whereas much of the ~a t -C d~' complex remains as a dimer and only the lower product band is present (lane 7). At later times, additional bands running near the monomer position are seen in the samples containing CdC12 (lanes 9 and lo), but corresponding bands are not present at significant levels in the samples containing apo-Tat (lanes 4 and 5). This is additional evidence for proteolytic protection, and native gels with "' "' Cd show that these frag-
T o determine the actual cleavage sites, we purified and analyzed the two major bands seen early during chymotryptic digestion CD spectra at various urea concentrations suggest that apo-Tat may be partly folded (Fig. 4) . A change in the spectrum of apoTat is seen as 4 to 5M urea is added, suggesting that some denaturation occurs at these concentrations, but this spectral change is unaffected by metals. These results are consistent with the proteolytic experiments and confirm that metal ions do not regulate a global folding-unfolding transition for the entire protein.
Although the TAR site is required for transactivation, it is not known whether Tat binds directly to this site or whether the effects are mediated by interactions with other proteins or sites. Our data suggest that apo-Tat, the Tat-Zn2+ complex, and the Tat-Cd2+ complex bind tightly but nonspecifically to both DNA and RNA. These studies focused on the TAR site, and several DNA fragments were synthesized for binding experiments. Gel shift experiments used DNA fragments containing base pairs + 1to + 57 and base pairs + 1to + 108 from HIV.
At Tat concentrations of lop7 to ~o -~M , these fragments remained in the wells of polyacrylamide or agarose gels, but Tat bound as tightly to unrelated fragments of similar lengths. Deoxyribonuclease I footprinting experiments confirmed that this binding was nonspecific, and binding was not dependent on metals. However, these DNA fragments do not contain sequences upstream from the transcription initiation site which could be important for binding. We also checked for specific RNA binding. KNA fragments that spanned the TAR site were synthesized by in vitro transcription of constrkts with 4SP6 promoter. These fragments contained HIV sequences +1to +57 and +1to +108 (with nine additional bases at the 5' end) and thus contain either one or two stem-loop regions from the TAR site (9) .At Tat concentrations of lo-' to 10p8fi, all the RNA remained in the wells of polyacrylamide or agarose gels. However, control experiments showed similar results with unrelated RNA fragments, and the binding was not dependent on metals.
We have shown that Tat binds two metal ions per monomer and that it forms a metallinked dimer. However, the proteolysis experiments and CD spectra indicate that metals do not regulate a global folding-unfolding transition. The primary effects of metals appear to be limited to structural changes in the cysteine-rich region and to subsequent dimerization. Although detailed structural studies of Tat will be-required, our studies show that at least two metal-binding sites must be at the dimer interface. In attempting to hrther explore the structural significance of our results. we have used metallothioneins as a guide. X-ray crystallography and nuclear magnetic resonance have been used to determine the structure of two metallothioneins (35, 36) . Each protein contains two domains. The first domain binds three metals using six cysteines that are liganded to a single metal and three cysteines that bridge pairs of metal ions. This allows each metal to have a tetrahedral arrangement of cysteine ligands. The second domain of metallothionein binds four metals. In this domain, tetrahedral binding sites are achieved when six cysteines are used as terminal ligands and five as bridging ligands. Counting the cysteines and metal ions in Tat allows us to propose a plausible arrangement for the Tat dimer (Fig. 5) although we must remember that the CoCI2 spectrum does not give direct evidence for tetrahedral sites in Tat and we do not know whether histidines or carboxylates from Tat serve as metal ligands. Since Tat forms a metal-linked dim&, there are 14 cysteines available to bind the four metal ions. A tetrahedral arrangement can be constructed around each metal if 12 cvsteines serve as terminal ligands (bind to just one metal) and 2 cysteines act as bridging ligands. Obviously, there are many plausible arrangements, but each Tat monomer must contact at least three metals, and some of the metal-binding sites must contain cysteines from each monomer.
Patarca and Haseltine proposed that a Tat monomer might bind a single metal ion in a manner analogous to the "zinc finger" proteins (14) .We have shown that this model is \ , unlikely and our results should be a deterrent to indiscriminate use of the term "zinc fingers" for any sequence that matches the test pattern devised by Berg for defining potential metal-binding sites (20). It is probably appropriate to restrict the term "zinc fingers" to those proteins that have multiple repeats of about 30 amino acids each, that conserve the cysteine and histidine residues at a proper spacing, and that conserve the two aromatic residues and the leucine found in the TFIIIA repeats. Other sequences containing sets of ksteine and histidine residues may be metal-binding sites, but there is no reason to believe that they will be structurally homologous to the "zinc finger" domain from TFIIIA. Given the reducing environment and the relatively high metal concentrations in eukaryotic cells, we believe that Tat binds metals in vivo. However, we do not know which metals bind or how metals affect transactivation. Clearly, it will be necessary to isolate the ~rotein from infected cells to determine which metals bind in vivo and whether the activity of Tat depends on which metal is bound. zn2+ is a likely candidate since it is verv abundant in the body and since many proteins bind zinc. Copper also is a reasonable possibility since it is relatively abundant and can form metallinked Tat dimers. Although less abundant in the human body, cd2+ could be important because it binds Tat so tightly.
Since Tat is essential for viral replication, it provides an attractive target for drug design. Our results suggest several possibilities for interfering with the action of Tat. It is conceivable that dietary intake of metals may affect Tat activity and chelators could also affect cellular metal concentrations. One chelator, D-penicillamine, blocks HIV replication in vitro (37) and appears to suppress viral replication in AIDS patients (38) . It is conceivable that penicillamine affects Tat and inactivates the protein by chelating metals or by binding to the cysteine-rich region of Tat. Another approach would involve designing peptides or drugs that would prevent Tat dimerization by masking the normal dimerization site, perhaps by mimicking the cysteine-rich interface normally provided by the other monomer. Further studies of Tat are necessary to hlly understand the significance of metal-linked dimerization, but our results clearly focus attention on the role of metal binding and the effects of metals on the structure and function of Tat.
